INTRODUCTION
Over t h e p a s t few y e a r s , i n c r e a s e d i n t e r e s t has been shown i n t h e u s e of a sodium f l u o r o b o r a t e mixture, NaBF4-8 mole % NaF, a s a c o o l a n t i n a Molten-Salt Breeder Reactor.
have been determined' and many experiments 2 -1 2 have been undertaken t o The p h y s i c a l p r o p e r t i e s of t h e s a l t mixture 'S. Cantor, J . W. Cooke, A. S. Dworkin, G. mole X) Fluoroborate Salt, OWL-TM-2490 ( A p r i l 1969).
ascertain the corrosion of various alloys in this salt. The use of this mixture in a high-temperature environment is somewhat complicated by the fact that the NaBF4 dissociates by the reaction NaBF4 s NaF + BF 3 (9) , and the effect of the BF3 gas must be considered. The equilibrium pressure above a melt of NaBF4-8 mole % NaF as a function of temperature is given by = 9.024 -5920/T("K) .
log 'torr
The maximum design temperature for the coolant salt mixture is 621"C, and this corresponds to a partial pressure of BF3 of 252 torr. appreciable vapor pressure of BF3 at operating temperatures, cover gases Because of the
3J. W. Koger and A . P. Litman, Catastrophic Corrosion of Type 304 S t a i n l e s s SteeZ i n a System CircuZating Fused Sodium Fluoroborate,

ORNL-TM-2741 (January 1970).
borates and BF3 Gas with HasteZZoy N AZZoys, ORNL-TM-2978 (June 1970 . Feb. 29, 1968, ORNL-4254, pp. 221-25. Aug. 31, 1968, ORNL-4344, pp. 264-66 and 285-89. Feb. 28, 1969, ORNL-4369, pp. 31, 1971, 7 Aug. 31, 1969, ORNL-4449, PP. 200-208. ORNL-4548, pp. 242-52 and 265-72. ORNL-4622, pp. 168-78. ORNL-4676, pp. 192-215. ORNL-4728, pp. 138-53. containing equivalent concentrations of BF3 must be maintained in the free volume of the pump bowl of dynamic systems or used for gas sparge operations.
BACKGROUND DATA An early report on corrosion experiments with gaseous boron trifluoride13 noted that the BF3 reacted rapidly with traces of moisture to give hydroxyfluoboric acid (HBF30H) and HF. It: also showed that BF3 and glass reacted at an appreciable rate just above 200°C. Under the conditions of those experiments, there was no appreciable attack by BF3 on any metal or alloy examined at temperatures up to ;!OO"C.
A systematic study of the compatibility ofi Hastelloy N with BF3 had not been undertaken before this study, but several observations indicated possible compatibility problems.
course of experiments where compatibility was not the primary objective, and the results are difficult to interpret. However, these miscellaneous obeervations do contribute to our understanding of metal-BF3-moisture reactions.
These observations were often made in the In one experimental program14 BF3 contacted chromium metal (a constiin almost all alloys considered for use in a molten salt system) 60 hr at Aug. 31, 1967, OWL-4191 , PP. 1 6 3 -6 4 .
space above t h e h o t and cold l e g s u r g e t a n k s t o p r o v i d e some d a t a on t h e c o m p a t i b i l i t y of BF3 w i t h H a s t e l l o y N. 220 t o r r BF3 and 5 p s i g H e . Since t h e mass t r a n s f e r rates i n t h e s e systems w e r e q u i t e dependent on s a l t p u r i t y , which v a r i e d from loop t o loop, t h e weight changes of t h e specimens exposed t o t h e vapor (Table 1) are s c a t t e r e d . However, i n none of t h e c a s e s w e r e t h e l o s s e s e x c e s s i v e .
Based on uniform removal of a l l a l l o y c o n s t i t u e n t s , t h e maximum c o r r o s i o n r a t e w a s 0.04 m i l / y e a r .
The vapor space contained about I n a n o t h e r experiment H a s t e l l o y N specimens w e r e exposed t o s t a t i c BF3 vapor f o r 6800 h r a t 605°C i n c a p s u l e s t h a t contained t h e f l u o r o b o r a t e mixture.
The BF3 p r e s s u r e w a s v a r i e d i n each c a p s u l e . Table 2 shows t h e measured weight changes. The weight changes were q u i t e s m a l l , and no composition changes were noted i n any of t h e specimens.
Another e x p e r i e n c e w i t h BF3 involved a pump loop (PKP-l), which w a s
An used t o test a molten-salt pump w i t h t h e f l u o r o b o r a t e mixture.
I n c o n e l 600 bubbler t u b e , which had been used f o r BF3 a d d i t i o n and s a l t l e v e l i n d i c a t i o n , had been i n s e r v i c e 11,567 h r and w a s suspected t o have become plugged j u s t b e f o r e t h e l o o p shutdown. During most of t h e t e s t program t h e t o t a l gas flow r a t e w a s 370 cm3/min.
BF3. The o u t s i d e of t h e t u b e w a s exposed t o t h e f l u o r o b o r a t e mixture a t
550°C. A f t e r removal from t h e l o o p , examination d i s c l o s e d a p l u g a t t h e bottom of t h e i n s i d e o f t h e tube.
Above t h e p l u g , i n o r d e r , were a t h i n b l a c k f i l m , a g r a y t h i n d e p o s i t w i t h a s p r i n k l i n g of g r e e n p a r t i c l e s , a b r i g h t green d e p o s i t , and f i n a l l y g r e e n material covered w i t h magnetic powder. The green d e p o s i t w a s NasCrF6, and t h e magnetic mixture w a s e q u i v a l e n t t o Ni3Fe. F i g u r e 1 shows a c r o s s s e c t i o n of t h e t u b i n g w a l l n e a r t h e l i q u i d -g a s i n t e r f a c e . W e s a w a zone of m e t a l l i c c r y s t a l s on t h e i n n e r s u r f a c e t o a t h i c k n e s s of approximately 20 m i l s . I n view of t h e a p p a r e n t l o s s of w a l l t h i c k n e s s i n t h i s area, t h e s e c r y s t a l s probably r e p r e s e n t v e s t i g e s of t h e o r i g i n a l metal s u r f a c e . F i g u r e 2 shows a h i g h e r 1 5 , 1 6
The gas w a s He13.5 v o l % Fig. 1 . As-Polished Cross Section from Near Liquid-Gas I n t e r f a c e of magnification of t h e i n s i d e surface, both as polished and etched, and tends t o corroborate t h a t t h e c r y s t a l s are a r e s u l t of material leaving t h e surf a c e r a t h e r than material deposition.
tube above t h e l i q u i d l e v e l appeared t o be t h e r e s u l t of a t t a c k by waterderived impurities i n t h e BF3.
The material on t h e i n s i d e of t h e
On removing t h e pump r o t a r y element from t h e loop and dismantling t h e various pump components, SmithI7 found t h a t t h e inner heat b a f f l e p l a t e s had been severely attacked, as evidenced by holes i n some places and by severe p i t t i n g i n o t h e r places.
p l a t e o r constant from one p l a t e t o another.
The a t t a c k w a s not homogeneous on any one
The top surface of t h e top plate was severely pitted, but the other surfaces that combined to form the chamber above the top plate (shaft, inner surface of impeller housing support cylinder, and lower surface of the cooling oil chamber) were relatively free of attack. All baffle plates except the one below the top plate had holes corroded completely through. The inner heat baffles fitted very tightly against the inner surface of the upper impeller housing support cylinder, so that probably most of the gas flow was past the inner annulus between the baffle plate and the pump shaft. The attack was attributed to the intimate contact of purge gas (or more correctly, the moisture in the purge gas) with puddles of salt that lay on the baffle surfaces.
We believe that the temperature in this region was 28OOC or less, so the water-salt reaction products appear to be highly corrosive even at relatively low temperatures.
Because of the findings in this pump bowl and other questions concerning the role of BF3 in corrosion of alloys, we felt that the compatibility of BF3 and various gas mixtures with candidate alloys for molten salt use should be studied systematically. A s a first test, we exposed type 304L stainless steel and Hastelloy N to argon, air, BF3, and mixtures of these for 100 hr at temperatures from 200 to 600°C.
W
RESULTS OF THE CURRENT EXPERIMENTS
The reaction chamber was a 30-in. length of 2-in. I P S nickel pipe, mounted horizontally in a 3-in. tube furnace. The reacting gases were admitted through a penetration in the end plate that was welded to one end of the pipe. Sheathed thermocouples also penetrated the end plate and extended into the central region on the heated zone. Several thermocouples were attached along the outside of the nickel pipe. The other end of the reaction chamber, which extended some 10 in. out of the tube furnace, was closed by Teflon in a threaded pipe cap. The gas manifold system provided for the introduction of helium, BF3, argon, air, or mixtures of these gases at known flow rates into the reaction chamber. The system was sealed from the atmosphere by bubbling the gas effluent through a fluorocarbon oil. Metal samples were carried in nickel boats inserted through t h e threaded access p o r t . placed w i t h a f u e l s a l t , LiF-20 mole % BeF2--1.1.7 mole % ThF4-0.3 mole % UF4, o r a c o o l a n t s a l t , NaBF4-8 mole % NaF, in t h e n i c k e l b o a t s . The tests l a s t e d 100 h r , and t h e gas flow r a t e w a s 100 cm3/min. w e r e approximately 0.75 X 0.375 X 0.030 i n . and weighed about 1 g . mens were weighed b e f o r e and a f t e r each t e s t , and r e a c t i o n products w e r e analyzed whenever p o s s i b l e . The nominal amounts of t h e major a l l o y i n g c o n s t i t u e n t s of H a s t e l l o y N and type 304L s t a i n l e s s s t e e l a r e given i n Table 3. I n several. r u n s , metal specimens were
The metal specimens Speci- Table 4 g i v e s t h e r e s u l t s f o r t h e metal-salt combinations exposed t o v a r i o u s g a s e s a t 600°C f o r 100 h r .
A s w a s expected, a i r i n combination w i t h t h e f l u o r i d e s a l t s produced h i g h l y c o r r o s i v e c o n d i t i o n s , which destroyed n o t o n l y t h e specimens b u t t h e n i c k e l b o a t s . None of t h e weight changes measured f o r t h e H a s t e l l o y N
immersed i n s a l t and exposed t o any of t h e g a s m i x t u r e s o t h e r t h a n a i r w e r e s i g n i f i c a n t . For t h e s t a i n l e s s steel specimens immersed i n s a l t , BF3 gas caused more a t t a c k t h a n argon. A l a r g e r moisture c o n t e n t i n t h e BF3 probably caused t h e greater a t t a c k . The f l u o r o b o r a t e mixture w a s more a g g r e s s i v e toward t h e s t a i n l e s s s t e e l t h a n t h e f u e l s a l t .
l o s s e s r a t h e r t h a n weight g a i n s occurred because t h e c o r r o s i o n products w e r e d i s s o l v e d from t h e specimens by t h e salt.. Table 5 g i v e s t h e r e s u l t s f o r a l l o y s exposed t o t h e v a r i o u s gas mixtures without s a l t a t temperatures from 200 t o 600°C f o r 100 h r . I n most c a s e s , weight g a i n s w e r e found, s i n c e t h e c o r r o s i o n products remained on t h e specimens and were n o t c a r r i e d away. dLiF-20 mole % BeF2-11.7 mole % ThF4-0.3 mole % UF4. e C NaBF4--8 mole % NaF. For H a s t e l l o y N, t h e o n l y s i g n i f i c a n t changes measured a t 600°C w e r e i n t h e mixtures c o n t a i n i n g a i r . This e f f e c t can be a t t r i b u t e d t o t o o s m a l l an amount of chromium i n t h e H a s t e l l o y t o provide good r e s i s t a n c e t o a i r o x i d a t i o n . A t 200 and 3OO0C, a l l changes w e r e r a t h e r s m a l l .
Weight
For t h e s t a i n l e s s steel a t 600"C, t h e air-BF3 mixture produced a l a r g e amount of chromium and i r o n o x i d e s , which i s shown i n Fig. 3 ( b ) .
The s t a i n l e s s s t e e l specimen from which t h e oxides i n F i g . 3(b) had been removed i s shown i n Fig. 3 ( c ) , and a r e l a t i v e l y u n a f f e c t e d s t a i n l e s s s t e e l specimen t h a t had been exposed t o a i r a t 200°C i s shown i n Fig 3 ( a ) . i t s e l f , BF3 a t 600°C a l s o produced a l a r g e amount of c o r r o s i o n product on t h e s t a i n l e s s s t e e l and w a s more a g g r e s s i v e t h a n argon. S i g n i f i c a n t weight g a i n s of t h e s t a i n l e s s s t e e l specimens were produced a t 300°C and 600°C by a l l gas mixtures except a i r . A t 200"C, most changes were r a t h e r s m a l l . Reaction of t h e s t a i n l e s s s t e e l w i t h argon, a i r , and a n argon-BF3 mixture r e s u l t e d i n a red c o r r o s i o n product on t h e s u r f a c e , whereas r e a c t i o n w i t h BF3 by i t s e l f r e s u l t e d i n t h e formation of w h i t e material on t h e s u r f a c e .
By
These r e d and white c o r r o s i o n products could n o t b e bAdherent red l a y e r on s u r f a c e .
dLarge amount of nonadherent white material on s u r f a c e ; e fLarge amount of nonadherent red material. on s u r f a c e ; 0 C Dried by passing through heated t i t a n i u m sponge.
removed.
I n t h e argon. The use of d r i e r argon (2 ppm moisture as opposed t o 24 ppm) lowered t h e weight g a i n of t h e s t a i n l e s s s t e e l specimens by about one-half. The e f f e c t of moisture w a s more dramatic when t h e gas w a s a n argon-BF3 m i x t u r e (Table 5 ) .
Even though a i r had admost no e f f e c t on t h e s t a i n l e s s s t e e l , t h e air-BF3 mixture had t h e wclrst e f f e c t of any of t h e g a s e s , much worse t h a n j u s t BF3. The a i r i n combination w i t h argon a:Lso produced more c o r r o s i o n products t h a n e i t h e r of t h e two gases by themselves. I n combination w i t h s a l t , BF3 had t h e worst e f f e c t . These r e s u l t s u n d e r l i n e t h e problems t h a t can r e s u l t i n a system t h a t allows a i r and/or moisture t o come in c o n t a c t w i t h molten f l u o r i d e s a l t s o r w i t h t h e BF3 vapor.
Except i n a i r a t 6OO0C, H a s t e l l o y N w a s much more r e s i s t a n t t o c o r r o s i o n than t h e t y p e 304L s t a i n l e s s steel. CONCLUSIONS 1. A t 6OO0C, a i r comlpletely destroyed H a s t e l l o y N and t y p e 304L s t a i n l e s s s t e e l specimens t h a t w e r e immersed i n e i t h e r a f u e l s a l t o r t h e f l u o r o b o r a t e coolant mixture.
2.
No s i g n i f i c a n t weight changes were measured f o r H a s t e l l o y N immersed i n s a l t exposed t o argon o r BF3 a t 6OO0C, b u t t y p e 304L s t a i n l e s s s t e e l l o s t weight.
3. For t h e s t a i n l e s s steel immersed i n s a l t , t h e BF3 gas w a s more c o r r o s i v e than t h e argon.
4. S t a i n l e s s s t e e l weight l o s s e s w e r e l a r g e r i n t h e f l u o r o b o r a t e m i x t u r e than i n t h e f u e l s a l t .
5. A t 2OO0C, t h e v a r i o u s g a s e s produced v e r y s m a l l changes i n t h e a l l o y s .
6. A t 300 and 6OO0C, only s m a l l changes w e r e noted i n t h e H a s t e l l o y N specimens.
7. Small changes were noted i n t h e s t a i n l e s s s t e e l exposed t o a i r a t 3OO0C, but l a r g e amounts of c o r r o s i o n products were produced by BF3, argon-BF3, a i r -B F 3 , and argon-air.
